Abstract: Platelet (P-) selectin and intercellular adhesion molecule-1 (ICAM-1) mediate accumulation of neutrophils in brain. However, the mechanisms regulating neutrophil accumulation and damage after traumatic brain injury (TBI) are poorly defined. We hypothesized that mice deficient in both P-selectin and ICAM-1 (-/-) would have decreased brain neutrophil accumulation and edema, and improved functional and histopathological outcome after TBI compared with wild-type (؉/؉). In Protocol I, neutrophils and brain water content were quantified at 24 h after TBI. No difference in brain neutrophil accumulation was observed between groups; however, brain edema was decreased in dual P-selectin and ICAM-1 -/-(P Ͻ 0.05 vs. ؉/؉ mice). In Protocol II, after TBI, tests of motor and memory function and histopathology were assessed over 21 days. No difference in motor or memory function or histopathological damage was observed between ؉/؉ and -/-mice. A role for adhesion molecules in the pathogenesis of brain edema independent of leukocyte accumulation in brain is suggested.
INTRODUCTION
Experimental traumatic brain injury (TBI) elicits an acute local inflammatory response, including up-regulation of adhesion molecules and accumulation of neutrophils, in injured brain [1, 2] . Studies of pathologic brain tissue from patients with severe TBI demonstrate up-regulation of adhesion molecules on cerebral endothelium [3] and in cerebrospinal fluid (CSF) [4] , and robust accumulation of neutrophils [5] in contused brain, suggesting that acute inflammation is part of the response to TBI in humans. Laboratory studies suggest that cerebral contusion is requisite for neutrophil accumulation in response to TBI [6] . Acute inflammation has been hypothesized to contribute to both secondary injury and regenerative processes after TBI. However, the exact role(s) of the inflammatory response to TBI is incompletely understood.
Platelet (P)-selectin (CD62P) and intercellular adhesion molecule-1 (ICAM-1, CD54) are members of two distinct families of cell adhesion molecules that participate in leukocyte emigration and activation. P-selectin, a member of the selectin family, mediates platelet and leukocyte rolling on endothelium and platelet-neutrophil adhesion [7] . By facilitating activation of platelets and leukocytes, P-selectin binding may enhance release of mediators that contribute to tissue injury [8] [9] [10] . ICAM-1, a member of the immunoglobulin family, interacts with leukocyte integrins to mediate firm adhesion of activated neutrophils to endothelium and diapedesis [7] . Both P-selectin and ICAM-1 contribute to brain leukocyte accumulation and leukocyte-mediated tissue injury in experimental models of stroke, meningitis, and systemic trauma [11] [12] [13] [14] . However, few studies have examined a role for P-selectin and/or ICAM-1 in the pathogenesis of TBI [15, 16] .
P-selectin and ICAM-1 contribute to CNS injury by facilitating accumulation and activation of cytotoxic neutrophils in injured brain [11] [12] [13] [14] . Neutrophils have been suggested to contribute to blood-brain barrier (BBB) damage, edema, tissue damage, and outcome in experimental stroke and meningitis [17, 12, 14, [18] [19] [20] , however, a recent clinical trial of anti-ICAM-1 in stroke failed to demonstrate benefit [21] . Similarly, the role of neutrophils in the pathogenesis of TBI is controversial. Some studies have demonstrated temporal and spatial association between neutrophil accumulation and posttraumatic BBB damage [22] and brain edema [23] . However, studies manipulating circulating absolute neutrophil count or relevant adhesion molecules have failed to support their role in mediating posttraumatic brain edema [24] [25] [26] , histopathology [27] , functional deficits [27] , or acute BBB damage [28] . Nevertheless, neutrophils do appear to play a role in mediating BBB damage over the initial 24 h after contusion [26] .
One previous study suggested a role for P-selectin in brain neutrophil accumulation and some aspects of histopathological and functional outcome after TBI in rats [15] . Our group has demonstrated a partial role for ICAM-1 in posttraumatic brain neutrophil influx, and no apparent role for ICAM-1 in motor, cognitive, or histopathological outcome after TBI in rats and mice [1, 16] . However, recent studies have suggested that P-selectin contributes to complement-mediated ischemia/ reperfusion injury, independent of effects on sequestration of leukocytes [29] [30] [31] . Members of at least three distinct families of adhesion molecules contribute to a functionally redundant system that regulates leukocyte trafficking. Thus, the utility of exploring the function of a single adhesion molecule may be limited by the existence of compensatory adhesion pathways. One solution to this problem is to inhibit several adhesion molecules simultaneously in the same experimental paradigm. Previous studies in experimental peritonitis have shown that deficiency of P-selectin or ICAM-1 decreases, whereas deficiency of both P-selectin and ICAM-1 eliminates early neutrophil accumulation [32] [33] [34] . In this study, we evaluated brain neutrophil accumulation and markers of secondary brain injury in mice deficient in both P-selectin and ICAM-1, using controlled cortical impact (CCI), a clinically relevant model of TBI.
MATERIALS AND METHODS

Mice
All experiments were approved by the University of Pittsburgh Institutional Animal Care and Use Committee and complied with the NIH Guide for the Care and Use of Laboratory Animals. Mice were given free access to food and water and were housed in laminar flow racks in a temperature-controlled room with consistent day/night cycles. Mice weighing 25-35 g were used at 12-14 weeks of age in all experiments.
Homozygous male C57BL/6J-ICAM-1 tm1Bay Selp tm1Bay mice genetically deficient in both ICAM-1 and P-selectin (-/-), and age-matched C57BL/6J control (ϩ/ϩ) mice were obtained from Jackson Laboratory (Bar Harbor, ME). P-selectin/ICAM-1 double-mutant mice were generated by standard methods of gene targeting and homologous recombination as described by Bullard et al. [32] . Embryonic stem cells carrying the P-selectin mutation (loss of exons 3-5) in a 129/Sv background were inserted into C57BL/6J blastocysts to obtain germline transmission. Recombinant chimeric males were backcrossed to homozygous C57BL/6J females. Homozygous ICAM-1 -/-mice lacking the entire fifth exon of ICAM-1 were generated separately by homologous recombination in embryonic stem cells and five generations of back-crosses with homozygous C57BL/6J mice [34] . Homozygous P-selectin and ICAM-1 single-knockout mice were bred to produce double-homozygous P-sel/ICAM-1 knockout mice [32] . P-selectin/ICAM-1 mutant mice lack expression of P-selectin as assessed by immunohistochemistry [32] , exhibit moderate granulocytosis, and have markedly impaired peritoneal neutrophil emigration [32] . P-selectin/ICAM-1 mutant mice develop normally, are fertile, and appear healthy [32] .
Thioglycollate-induced peritonitis
Thioglycollate (1%) was injected into the peritoneum of -/-and ϩ/ϩ mice (n ϭ 2/group). At 4 h after injection, mice were anesthetized with isoflurane, decapitated, and the peritoneal cavity was lavaged with 3 mL 0.9% saline. The cell counts of the peritoneal lavage fluid were quantified using a hemocytometer. Differential cell counts were determined in cytospin preparations of lavage fluid stained with the Quik-Diff kit (Baxter, Miami, FL). Neutrophils were identified by morphological criteria and quantitated as percentage of total cells counted.
TBI study protocols
Two protocols were used in these studies. In the first protocol, mice (n ϭ 10/group) were subjected to CCI and killed at 24 h for immunohistochemical detection of ICAM-1 and neutrophils, and determination of brain edema. The 24-h timepoint was chosen because peak neutrophil accumulation and brain edema occur at 24-48 h after CCI in rodents [1, 35, 36] . In the second protocol, a separate group of mice (n ϭ 6 -/-; n ϭ 8 ϩ/ϩ) were subjected to CCI and assessed for functional (day [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and histopathological (day 21) outcome.
Controlled cortical impact
The mouse CCI model was used as previously described [16] . The trauma protocol was approved by the University of Pittsburgh Institutional Animal Care and Use Committee and complied with the NIH Guide for the Care and Use of Laboratory Animals. Mice were anesthetized with 2% isoflurane (Anaquest, Memphis, TN), N 2 O, and O 2 (2:1) using a nose cone. Mice were positioned in a stereotaxic frame and a brain temperature probe (Physitemp, Clifton, NJ) was inserted through a burr hole into the left frontal cortex. A rectal probe was used to monitor body temperature. A 5-mm craniotomy over the left parieto-temporal cortex was made using a dental drill and the bone flap was removed. Brain temperature was controlled at 37.0-38.0°C before injury. Mice were then subjected to CCI using a pneumatic cylinder with a 3-mm flat-tip impounder, velocity 6.0 Ϯ 0.2 m/s, and depth of 1.2 mm. This injury level produces a contusion in the injured hemisphere and motor and memory deficits [16] . The bone flap was replaced and sealed (Koldmount cement, Vernon Benshoff, Albany, NY) immediately after CCI, and the scalp was sutured closed. Anesthesia was discontinued and the mice were recovered in an oxygen hood until they were able to ambulate (approximately 30 min), then returned to their cages.
Preparation of brain tissue for immunohistochemistry
At 24 h after CCI, mice were anesthetized with 4% isoflurane and N 2 O/O 2 (2:1) and decapitated. The brain was rapidly removed intact and a 2-mm coronal section cut from the center of the contusion was used for determination of brain water content (see below). The posterior brain segment was immediately placed in mounting media and frozen at Ϫ70°C. Alternate cryostat sections (6 µm) from the cut face of the posterior brain segment were placed on poly-L-lysinecoated glass slides, fixed in acetone (5 min, 25°C), and stored at Ϫ20°C until batch analysis.
Immunohistochemistry (ICAM-1 and neutrophils)
Brain sections were washed in phosphate-buffered saline (PBS; pH 7.4), incubated for 3 min in 3% H 2 O 2 to extinguish endogenous peroxidase activity, and then incubated for 2 min in PBS containing 2% normal goat serum (NGS; GIBCO, Grand Island, NY). Alternate brain sections were incubated in a humid chamber for 60 min with the primary monoclonal antibodies (mAb). ICAM-1 was detected using mAb KAT-1 (anti-mouse ICAM-1, rat IgG2a, Seikagaku, Tokyo, Japan). Neutrophils were detected with mAb M-1/70 (anti-mouse Mac-1, rat IgG2b, hybridoma obtained from American Type Culture Collection, Manassas, VA), and identified by typical morphology. Reactivity with an isotype control immunoglobulin or with secondary antibody only served as negative controls. Because M-1/70 is not specific for neutrophils, mAb RM3001 (anti-mouse granulocyte, rat IgG2b, hybridoma RB6-8C5, Caltag Laboratories, Burlingame, CA) was used on separate brain sections to confirm the identity of M-1/70-positive cells as neutrophils. Because both mAbs labeled only cells with the morphology of neutrophils, M-1/70 was used for all experiments reported. Primary antibodies were reacted with biotinylated goat anti-rat IgG (mouse absorbed) for 30 min, followed by an avidin-peroxidase complex (Vectastain ABC kit, Vector Labs, Burlingame, CA) for 30 min. Sections were washed in NGS after each application of antibody and in PBS after application of the peroxidase conjugate. The Ab conjugate was detected by incubating sections for 5 min in 0.02 M acetate buffer (pH 5.2) containing 500 µL 3-amino-9-ethyl-carbazole in 10 mL N,N-dimethylformamide and 100 µL 30% hydrogen peroxide (all reagents from Sigma). Slides were counterstained in Gill-2 hematoxylin (Shandon, Pittsburgh, PA), air dried, and covered with crystal mount.
Immunohistochemical data were obtained by an observer (M. J. W.) blinded to mouse genotype (i.e., -/-vs. ϩ/ϩ). Brain neutrophil accumulation was quantitated by counting the number of M-1/70-positive cells in all of the ϫ100 fields in cortical and subcortical (hippocampus plus a small amount of adjacent thalamus) regions from a coronal section cut through the center of the lesion separate from that used to quantitate brain water. Both injured and uninjured hemispheres were analyzed. An index of neutrophils per ϫ100 field was obtained for each mouse by dividing the total number of M-1/70-positive cells by the number of ϫ100 fields counted.
Assessment of brain water content
A coronal section (2 mm) taken from the center of the contusion was divided into left (injured) and right (uninjured) hemispheres. After recording the wet weight of each hemisphere, brain sections were dried in an oven at 110°C for 48 h. Dry weights were then obtained for each brain section. Percent brain water content of injured and uninjured hemispheres was determined by the wet-dry/ wet weight method [37] . Brain edema was estimated as the difference in percent brain water content (injured Ϫ uninjured hemisphere) [23] .
Assessment of motor function
Motor function was assessed at 1-5 days after injury through the use of a wire grip test as previously reported [38] with minor modifications [39] . Mice were gently grasped by the tail and placed on a 35-cm taut wire suspended between two upright (metal/wooden) bars 50 cm above a padded table. Mice were held up to the string so that they gripped it with both front paws, ensuring that each mouse had an equal chance to grasp the string. The tail was carefully released and the mouse either fell or held onto the wire. The length of time the mouse was able to remain on the wire (from 0 to 30 s) and the manner in which it held on was scored. A wire grip score was thus assigned over a 30-s epoch. Each mouse was trialed three times per day and the scores of each trial were averaged to obtain a wire grip score for that day.
Spatial memory assessment
Experimenters blinded to mouse genotype evaluated spatial memory acquisition of mice in the Morris water maze (MWM) paradigm as previously described [40, 41] . A white pool 83 cm in diameter and 60 cm deep filled with water to a depth of 29 cm was maintained at approximately 24°C. A round, white wooden platform (5 cm in diameter) placed 1 cm below the surface of the water, approximately 15 cm from the southwest wall, was used as the goal platform. The room containing the pool had several highly visible extra-maze cues that remained constant throughout the trials. Testing was performed on days 14-20 after CCI to ensure recovery from motor deficits induced by CCI. Testing consisted of a daily block of four trials for each mouse. In each trial, mice were randomized to one of four starting positions (north, south, east, west) in the pool facing the wall. Mice were allowed a maximum 120 s to locate the submerged platform. If the mouse failed to reach the platform by 120 s, it was placed there by the experimenter. Mice were allowed to remain on the platform for 30 s, then were placed in a 37°C incubator for 4 min between trials. Differences in visual acuity between -/-and ϩ/ϩ mice were assessed by performing tests with the platform visible 1 cm above the surface of the water on days 19 and 20 after injury. For this experiment, platform visibility was increased using black tape. Mouse performance in the MWM was quantitated by latency to find the platform.
Histopathological outcome
Contusion and hemispheric volumes were determined at 21 days after CCI by morphometric image analysis. Mice anesthetized with isoflurane were transcardially perfused with 10% buffered formalin. Coronal sections (20 µm) cut at 0.5-mm intervals from the anterior to the posterior brain were mounted on poly-L-lysine-coated slides. At each 0.5-mm interval four sections were obtained and stained with hematoxylin and eosin. The areas of the contusion, injured and uninjured hemispheres, and lateral ventricles were determined using image analysis by an investigator blinded to mouse genotype (MCID, Imaging Research, St. Catherines, Ontario, Canada). An average area of the contusion, intact hemispheric tissue, and ventricles was obtained from the four brain sections at each 0.5-mm interval. From these data, corresponding contusion and hemispheric volumes were calculated. Contusion volume was expressed both in cubic millimeters in the injured hemisphere and as a percentage of the volume of the uninjured hemisphere. Hemispheric volume was expressed in cubic millimeters in each hemisphere.
Statistical analyses
Data are mean Ϯ SEM. Data for brain neutrophil accumulation, edema, and histopathology (contusion and hemispheric volume) in the two groups of mice -5) . Performance in the MWM paradigm was analyzed by ANOVA for repeated measures. Correlation between brain neutrophils and edema was assessed by Pearson product moment correlation. In all analyses, a difference of P Ͻ 0.05 was regarded as statistically significant.
RESULTS
All but one (-/-) of the 20 mice used in Protocol I survived CCI and the 24-h experimental period. All of the mice in Protocol II survived to the 21-day experimental period. None of the mice in either protocol displayed abnormal behavior or evidence of infection at any time during the study period.
To confirm the deficit in transendothelial migration in the P-selectin/ICAM-1 double-mutant mice, peritoneal neutrophil emigration was assessed at 4 h after thioglycollate-induced peritonitis in representative -/-and ϩ/ϩ mice (n ϭ 2/group). Leukocytes were decreased in peritoneal lavage fluid in -/-(2.85 Ϯ 0.05 ϫ 10 3 /µL) vs. ϩ/ϩ (7.0 Ϯ 2.10 ϫ 10 3 /µL) mice, and absolute peritoneal neutrophil counts were strikingly decreased in -/-(6.9 Ϯ 6.9/µL) vs. ϩ/ϩ (4061 Ϯ 1905/µL) mice.
Immunohistochemical detection of ICAM-1 in brain at 24 h after CCI in representative -/-and ϩ/ϩ mice is shown in Figure 1 . Robust expression of ICAM-1 was detected on endothelium and choroid plexus in both injured and uninjured hemispheres in ϩ/ϩ mice but not in -/-mice. In wild-type mice, ICAM-1 staining appeared to be increased in injured compared with uninjured hemispheres. Some ICAM-1 (estimated at less than 5% of control) was occasionally detected in choroid plexus from -/-mice at 24 h after CCI (data not shown).
Immunohistochemical detection of neutrophils in representative brain sections from -/-and ϩ/ϩ mice at 24 h after CCI is depicted in Figure 2 . M-1/70-positive cells with the morphological characteristics of neutrophils were detected in cortical and subcortical regions of injured brain in both -/-and ϩ/ϩ mice but were rarely detected in uninjured brain regions. Neutrophils were not detected in brain sections using isotypematched negative control antibodies (data not shown). Brain neutrophil accumulation (M-1/70-positive cells/ϫ100 brain field) did not differ between -/-(14.3 Ϯ 1.0) and ϩ/ϩ (18.0 Ϯ 3.0) mice (P ϭ 0.27) (Fig. 3) .
Brain water content was measured in 11 of the mice used in Protocol I (n ϭ 6 -/-, n ϭ 5 ϩ/ϩ; Fig. 4) . Brain edema at 24 h, estimated from the difference in percent brain water content between injured and uninjured hemispheres, was decreased in -/-(1.90 Ϯ 0.272) vs. ϩ/ϩ (3.16 Ϯ 0.38) mice (P Ͻ 0.05).
A separate group of mice (Protocol II) was used to assess motor (days 1-5) and cognitive (days 14-20) function after CCI. We have previously reported functional outcome in shaminjured (i.e., craniotomy without CCI C57/Bl mice from the same vendor) with surgery performed by the same technician [16] . As expected, motor deficits were maximal on the 1st day after injury and then improved over the subsequent 4 days of testing (Figs. 5 and 6) . No difference between groups was observed on any of the days in the wire grip test (Fig. 5A ) or wire grip score (Fig. 5B) . Latencies to find the hidden or visible platform in tests of spatial memory acquisition also were markedly impaired compared to our previously reported values in shams. However, there were no differences between dual P-selectin/ICAM-1 -/-and ϩ/ϩ groups (Fig. 6) . Figure 7 shows hematoxylin and eosin-stained coronal brain sections through the center of the contusion from representative -/-and ϩ/ϩ mice. The lesion produced by CCI resulted in nearly complete loss of ipsilateral hippocampus in all of the mice at 21 days. Contusion volume, expressed as either cubic millimeters or as percentage of noninjured hemisphere, did not differ between -/-and ϩ/ϩ mice (Fig. 8) . Similarly, no difference in volume of the uninjured or injured hemisphere was observed between groups (Fig. 8) .
DISCUSSION
We studied the role of P-selectin and ICAM-1 in the pathogenesis of TBI in mice. The accumulation of neutrophils 24 h after TBI did not differ between -/-and ϩ/ϩ mice. However, brain edema at 24 h after TBI was significantly decreased in P-selectin/ICAM-1 -/-mice compared with wild-type. No difference in functional (days [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or histopathological (day 21) outcome was observed between groups. The results suggest an important role for P-selectin, ICAM-1, or both in the pathogenesis of brain edema independent of effects on brain neutrophil recruitment after TBI in mice.
The most important finding of this study is that deficiency of both P-selectin and ICAM-1 was associated with a reduction in posttraumatic brain edema in -/-vs. ϩ/ϩ mice, without affecting brain neutrophil accumulation. These data suggest Fig. 1 . Immunohistochemical detection of ICAM-1 in injured brain regions at 24 h after CCI in P-selectin/ICAM-1 -/-and ϩ/ϩ mice: representative photomicrographs of cortical regions within the injured hemisphere. ICAM-1 is stained red. ICAM-1 was not detected in vascular endothelium in -/-mice (A) but was readily detected in ϩ/ϩ mice (B, arrows). ICAM-1 was not detected in the injured hemisphere from the ϩ/ϩ mouse in panel B using an isotypematched negative control antibody (C). that posttraumatic brain edema can be manipulated by inhibiting P-selectin and/or ICAM-1 independent of neutrophils. Inhibition of adhesion molecules reduces brain edema in experimental models of stroke and meningitis [12, 14, 20] and a reduction in brain edema can be accomplished by decreasing brain neutrophil accumulation [12, 14, 18, 20, 42, 43] . These observations suggest that neutrophils mediate tissue injury. However, no study has demonstrated a role for neutrophils in the pathogenesis of brain edema after TBI [24] [25] [26] [27] . It is unlikely that the observed reduction in posttraumatic brain water content in the -/-vs. ϩ/ϩ mice is explained by decreased neutrophil cytotoxicity in the knockout mice; rather, it is more likely that effects of P-selectin or ICAM-1 that are independent of neutrophils are operative.
Several lines of evidence suggest a role for P-selectin, but not ICAM-1, in the pathogenesis of tissue injury independent of neutrophils [31, 32, 44, 45] . In systemic models of ischemia/ reperfusion injury known to be mediated by complement activation/deposition, administration of monoclonal antibodies vs. P-selectin reduced vascular permeability and complement deposition without affecting sequestration of leukocytes [29] [30] [31] . These studies suggest that P-selectin could mediate tissue 5 . Assessment of motor function in P-selectin/ICAM-1 -/-(filled circles) and ϩ/ϩ (open circles) mice using the wire grip test (A) and wire grip score (B). Both groups of mice performed equally well over the 5-day test period. Performance in both groups of mice was reduced compared with pre-test scores obtained before CCI (P Ͻ 0.05 vs. first day of testing), however, no differences between groups were observed after injury in either test of motor function. edema through complement-dependent mechanisms independent of neutrophils. Structural similarity between the short consensus repeat structure of P-selectin and complementbinding proteins also suggest a basis for interaction between the two molecules. Soluble P-selectin reduces complementdependent reperfusion injury by inhibiting complement deposition [46] . Finally, complement activation may play a significant role in the pathogenesis of TBI [47, 48] .
The mechanism(s) by which adhesion molecules such as P-selectin might influence posttraumatic brain edema remain speculative. P-selectin facilitates priming of neutrophils for enhanced degranulation [8, 9] , and facilitates plateletneutrophil interactions that amplify acute inflammation [10] and up-regulate the synthesis of arachidonic acid metabolites that promote tissue edema [49] . P-selectin deficiency may inhibit monocyte trafficking [50] and release of cytokines [51] ; however, neutrophils predominate in brain at 24 h after CCI [1, 35] . Lack of P-selectin prolongs bleeding time and increases hemorrhage in a local Schwartzman reaction in mice [52] ; however, inhibition of P-selectin did not increase central nervous system bleeding in a rat stroke model [53] or after CCI in this study. Other studies suggest a role for P-selectin in neuronal apoptosis and expression of heat shock proteins in ischemic brain [42] . Future studies are needed to define the role of P-selectin and ICAM-1 in the pathogenesis of posttraumatic brain edema. In particular, it will be important to determine whether the observed effect is sustained during the entire time course of posttraumatic cerebral swelling.
We confirmed the phenotype of the P-selectin/ICAM-1 double-mutant mice using immunohistochemistry (ICAM-1) and an in vivo neutrophil assay. The evidence that P-selectin/ ICAM-1 -/-mice do not express P-selectin has been previously reported [32] . The lack of expression and up-regulation of ICAM-1 after CCI observed in P-selectin/ICAM-1 mice is similar to that reported by our group in mice deficient in ICAM-1 -/-alone [16] . P-selectin/ICAM-1 -/-mice may produce truncated forms of ICAM-1 that may account for the small amounts of immunoreactivity we and others have observed with antibodies to ICAM-1 [16, 34, 54] . Because emigration of neutrophils into the peritoneum at early times after induced peritonitis is completely eliminated in P-selectin/ ICAM-1 knockouts, but not in P-selectin or ICAM-1 knockouts alone [32, 33] , the thioglycollate-induced peritonitis assay was used to confirm the expected response in the litter of mice that were to receive TBI.
Our results suggest that P-selectin and ICAM-1 do not mediate neutrophil accumulation after TBI assessed at 24 h, the time of peak accumulation. This result is consistent with studies of peritoneal neutrophil emigration, which show that neutrophil accumulation is completely absent at 4 h but is robust at 24 h after peritonitis in P-selectin/ICAM-1 -/-mice [32] . To date, no study has suggested an independent role for P-selectin, ICAM-1, or leukocyte integrins in the regulation of posttraumatic brain neutrophil accumulation [15, 16, 55] . Previous studies have suggested a partial role for Mac-1 [55] , ICAM-1 [1] , complement activation [47] , brain temperature [2] , and severity of TBI [56] , and significant roles for injury type (i.e., contusion vs. diffuse injury) [6] and possibly the CXC chemokine system [27] in the regulation of brain neutrophil accumulation after experimental TBI. Grady et al. reported a modest decrease in brain neutrophils at 24 h after TBI in rats treated with a P-selectin blocking antibody using a myeloperoxidase assay [15] . More work is needed to elucidate the mechanisms responsible for neutrophil emigration into brain after TBI. In addition, further studies are needed to confirm our results because significant differences in P-selectin and ICAM-1 function have been reported in experimental paradigms using blocking antibodies vs. mutant mice [57, 58] .
It is possible that a fivefold increase in circulating neutrophil count reported in P-selectin/ICAM-1 -/-mice could compensate for reduced adhesion and result in posttraumatic brain neutrophil accumulation equal to that of wild-type mice. However, despite this fact, early peritoneal accumulation is inhibited in the double-mutant vs. wild-type. Granulocyte colony-stimulating factor (G-CSF) has been used to increase systemic neutrophil count in humans with TBI, but its effect on brain neutrophil accumulation was not evaluated in that study [59] . However, in a model of intestinal ischemia/reperfusion injury, G-CSF administration increased systemic neutrophils but reduced intestinal myeloperoxidase activity compared with control [60] . Whether or not increasing systemic neutrophil count increases posttraumatic brain neutrophil accumulation remains to be determined.
No reduction in functional deficits (motor/memory) or histopathological damage (contusion or hemispheric volumes) after CCI was observed in P-selectin/ICAM-1 -/-vs. ϩ/ϩ mice. These results are in close agreement with those of our previous report demonstrating lack of neuroprotection in ICAM-1 -/-mice after CCI [16] . Recently, Grady et al. [15] reported modest improvements after fluid percussion TBI in some aspects of Morris water maze performance using P-selectin blockade in rats. Escape latency, however, was not reduced [15] . In contrast, strategies targeting P-selectin or ICAM-1 improve histopathological and functional outcome by inhibiting neutrophilmediated tissue damage in experimental meningitis, stroke, and traumatic spinal cord injury [11, 12, 13, 42, 61] . We have recently demonstrated significant beneficial effects on motor and memory function after CCI in poly (ADP-ribose) polymerase -/-vs. ϩ/ϩ mice [62] , and detrimental effects in mice deficient in inducible nitric oxide synthase [63] . These studies demonstrate that CCI-induced injury is both reproducible and manipulable and support the validity of the negative results of the present study on functional outcome.
In conclusion, we observed a reduction in brain water content without a concomitant difference in brain neutrophil accumulation after CCI in P-selectin/ICAM-1 -/-mice vs. wild-type. Additional studies are needed to determine whether this effect is mediated by P-selectin, ICAM-1, or both, and to further elucidate the specific mechanism(s) involved. Because brain edema remains an important therapeutic target after TBI in humans, the results of this study are exciting and warrant further investigation.
